Particle acceleration in shocks:
from simulations to observations
via laboratory experiments

Frederico Fiuza

fiuza@slac.stanford.edu

‘ h NATIONAL

== @  ACCELERATOR

P b ™Y\ | 7EORATORY
F. Fiuza | November 24,2020 | DESY Particle and Astroparticle Physics Colloquium




Acknowledgements

1 AL

B \Work in collaboration with
" A Grassl, C. Ruyer, 5. Totorica, R. Peterson, 1. Abel, R. Blandford, S. Glenzer (SLAC/Stanford)

Y

® (. Swadling, C.

—luntington,

m H. Rinderknecht (LLE)

m A Spitkovsky (Princeton)
m C. Bruulsema, W. Rozmus (Alberta)
m G. Gregor (Oxford)

m C.K Ly, R Petrasso (MIT)
m 5. Funk (ECAR Erlangen)

PC resources at Quar

mulations with OSIRIS code p
z (LLN

D. Ryutoy,

oy (AN

D. Higginson, S. Ross, B. Remington, H.-S. Park (LLNL)

rovided by the OSIRIS Consortium (IST/UCLA)
), Mira/Theta (ANL), and Cori (NERSC)

-inancial support from the DOE Early Career Research Program

F. Fiuza | November 24,2020 | DESY Particle and Astroparticle Physics Colloquium



Outline

l Shock waves as cosmic particles accelerators

Observations and standard model of particle acceleration

l Importance of plasma microphysics for shock acceleration

Numerical simulations reveal rich physics interplay

l New opportunities being opened by laboratory experiments

Laser-driven shock waves are enabling controlled studies of shock microphysics

l Exciting perspectives ahead

Intense lasers and particle beams can enable studies in relativistic regime
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Shock waves as cosmic particle accelerators
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Astrophysical shocks are known to be efficient particle accelerators
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Galaxy clusters Supernovae remnants Gamma ray bursts
SN 1006

What controls
CR acceleration?

Sclentific American, (c) 1998
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B Shocks are collisionless (mediated by plasma fields rather than Coulomb collisions)

® Span a wide range of scales and conditions:
- non-relativistic (v = 100 - 1000 km/s) to highly relativistic (y = 10¢)
- weakly magnetized to highly magnetized

RELATIVE PARTICLE FLUX (LOGARITHMIC UNITS)

JENNIFER C.CHRISTIANSEN

m Can accelerate particles to very high energies: up to| 02! eV?

F. Fiuza | November 24,2020 | DESY Particle and Astroparticle Physics Colloquium



| st order Fermi acceleration in shocks
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Shock frame Ist order Fermi mechanism in shocks™
Downstream Upstream (a.k.a. diffusive shock acceleration)
P =4 po \ P = Po
\ Fractional energy gain per shock crossing:
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Accelerated particle Je

Elegant solution to power-law particle acceleration across wide range of systems

* Krymskii 1977, Axford, Leer, Skadron 1977, Bell 1978, Blandford & Ostriker 1978 F. Fiuza | November 24,2020 | DESY Particle and Astroparticle Physics Colloquium



Requires strong turbulent (disordered) magnetic fields

e AN
Shock frame Efficient particle scattering requires
Downstream Upstream strong magnetic fluctuations
P =4 po \ P = Po
\ B> B

— Fastest acceleration if scale of
fluctuations comparable to Larmor
— ~ Magnetic field radius of particles (Bohm diffusion)
)‘B ™ T
7
SN1006

Accelerated particle

X-ray observations indicate nonadiabatic magnetic field amplification (0B/B ~102) near
the shock front (Bamba et al. 2003, 2005,Vink 2012)
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Which processes control magnetic field amplification?

Bell
Weibel (non-resonant) Resonant Firehose

instability instability instability instability
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Interplay between different instabilities is critical for particle acceleration but it is not clear how it
depends on the shock and ambient plasma conditions
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Riding giants: the puzzle of particle injection
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Shock transition typically defined by ion Larmor radius

Downstream Upstream

P =4 po \ -

ri > re

Electrons need to be pre-accelerated to start crossing the shock front

Particle injection is determined by microscopic
plasma processes and is not well understood!
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> 30 m waves @ Nazaré, Portugal
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Kinetic simulations reveal mh
shock microphysics > .~
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Kinetic simulations are critical to unveil microphysics of shocks

Particle-in-cell (PIC) kinetic plasma simulations

Integration of equations of
motion
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Formation of collisionless shocks in weakly magnetized plasmas
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Can small-scale fields lead to efficient electron injection?
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Weibel instability can amplify B-fields in weakly magnetized plasmas
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Linear regime Saturation Non-linear regime
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W= C 129/22 mas = =17
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Instability can transfer ~10% of kinetic energy of plasma flows into magnetic energy

E. S.Weibel, PRL 2, 83 (1959); B. D. Fried, Phys. Fluids 2, 337 (1959)
A. Gruzinov & E.Waxman,AP] 511,852 (1999); M. Medvedev & A. Loeb,Ap] 526, 697 (1999) F. Fiuza | November 24,2020 | DESY Particle and Astroparticle Physics Colloquium



Different injection mechanisms are likely to operate at different plasma conditions
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Stochastic SDA in Weibel turbulence
Acceleration in relativistic VWeibel shocks [1] in perpendicular shocks [2] Injection by Bell waves in parallel shocks [3]
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Depending on the shock Mach humber and ambient magnetic field orientation a large range of
plasma instabilities can control magnetic field amplification (Weibel, Buneman, Bell, ...)

[1] Spitkovsky ApJL 2008
[2] Matsumoto et al. PRL 2017

[3] P. Crumley et al., MNRAS 2019 F. Fiuza | November 24,2020 | DESY Particle and Astroparticle Physics Colloquium



Can laboratory experiments help validate shock
microphysics models?
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Laboratory experiments can greatly complement studies of particle acceleration
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B Experimental studies of ion-acoustic shocks since 60s

B Only now it is becoming possible to drive energetic enough plasma |
flows with lasers to produce electromagnetic shocks
(Lsystem > |00 C/(Dpi and )Mmfp >> Lsystem)

. . | 0-3

B Controlled study of shock structure and particle acceleration for
different plasma conditions (including high Ma)

B Benchmark numerical tools that are being used to develop particle | 0-6

acceleration models (e.g. PIC and hybrid)

High-power lasers
can produce
relevant conditions
| 0-9 in the laboratory
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National Ignition Facility Cartoon of laser-driven counter-streaming plasma experiments
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Shock microphysics can be scaled from lab to astrophysical plasmas
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Laboratory system |

Biow 2

Quasar 3C175
YLA Gem image (c) NRAD 1996

Main assumptions: collisionless system (Amf >> Lsystem), weakly

magnetized (O <<lI), vfiow >> Vi, electromagnetic instabilities are
dominant (Div. E ~ 0)

D. D. Ryutov et al. Plasma Phys. Control. Fusion 54, 105021 (2012)
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High Mach # plasma flows can be created in the lab by laser irradiation
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B-field amplification by the ion Weibel instability observed

proton
radiography

Experimental data Experimental data 3D PIC simulation
3 MeV protons 14.7 MeV protons 14.7 MeV protons
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C. Huntington, F. Fiuza et al. Nat. Physics |1, 173 (2015)

Relative proton deflection at 3 MeV vs. 14.7 MeV indicates B-field dominate over E-field
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First measurements of local current structure and saturation level
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Platform to study shock formation and particle acceleration at NIF

NIF laser system delivers ~ 1TMJ in 190 beams
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88 lasers 88 lasers
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| Lsystem =25 mm |
F. Fiuza et al., Nature Physics 16, 916 (2020)
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Experimental observation of turbulent collisionless shock

Density evolution of shocked plasma
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Observed shock is collisionless!

)‘mfp ~ dUcm >> Lsystem

F. Fiuza et al., Nature Physics 16, 916 (2020)
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Temperature ratio slightly higher than SNR observations
(Rakowski 2003, 2006). Electron-ion friction can contribute
partially to Te in experiment.
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Simulations show consistent Weibel-mediated shock structure

Onset of magnetic turbulence from Weibel instability
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Experiments show clear evidence of honthermal electron acceleration
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Experimental electron spectrum
P P m Significantly larger (>10x) number and energy of

electrons from flow interaction: electrons
must be injected from 3 keV shocked
plasma
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B Electrons are accelerated to > 100x Te
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Simulations reveal electron acceleration due to small-scale turbulence in shock front
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What next?
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Extending current measurements and platform

B The fun is just starting! NIF experiments approved for 2021-2023 aim to:

= constrain shape of electron spectrum and efficiency from x-ray diagnostics
= Mmeasure ion acceleration and relative e-ion efficiency

= probe shock and particle acceleration for variable ambient magnetization
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B Parallel studies are underway in magnetic reconnection, turbulence, and jets
(E. G. Blackman & S.V. Lebedey, arXiv:2009.08057)
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Perspectives to probe relativistic streaming instabilities
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Conclusions

B Shocks waves provide powerful acceleration of charged particles in astrophysics but
Important questions remain

B Numerical simulations play a critical role in the understanding of the shock physics

B Experiments can be important in benchmarking numerical codes and theoretical
models and can complement spacecraft data and astrophysical observations

B Recent experiments probed for the first time turbulent high-Mach number shocks and
revealed that this can effectively accelerate thermal electrons to relativistic energies

B Intense lasers and particle beams are enabling studies of magnetic field dynamics and
particle acceleration in relativistic regime
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have an open postdoc position to work in this field
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